The proper disposal of pig manure is of great importance because, when mishandled, it can contaminate water resources. This study aimed to evaluate the nitrogen dynamics in a Cerrado Oxisol and its absorption, over time, by a maize crop managed with pig slurry associated with mineral fertilization (N P K). The study was conducted at a private farm, in the region of Sete Lagoas, Minas Gerais, Brazil. The maize crop was able to recover 62% of the mineral nitrogen that entered the soil-plant system, while 9% leached as nitrate and, to a lesser amount, as ammonium. The maximum average content of nitrate and ammonium of 92 kg ha -1 and 43 kg ha -1 , respectively, was observed in the 0 to 0.3 m soil layer during the early crop development stage. A minimum content of 5.8 kg ha -1 of nitrate and 9.0 kg ha -1 of ammonium, respectively, was measured at the end of the cycle. In addition, the nitrate content at that soil layer, at the end of the maize cycle, remained below the values measured at the native Cerrado, indicating that the agricultural use of the land poses no additional risk to the nitrate accumulation and leaching into the soil profile.
INTRODUCTION
Brazilian swine production has risen sharply in recent decades, as a result of effective use of technologies associated with animal breeding, balanced feeding, and management in various forms of animal confinement. As a result, productivity has increased, resulting in large concentrations of animals per unit area, along with large accumulations of organic wastes. These are of great importance from a technical and environmental point of view since, when mishandled, animal manure can cause water resource contamination (Seidel et al., 2010) . Recently, the Brazilian Ministry of Agriculture launched an incentive program for lowcarbon agriculture, with proper treatment and disposal of pig slurry as one of its priorities (Brasil, 2010) .
The use of pig slurry as fertilizer is one of the correct destinations of this waste, because it allows nutrient cycling within the production unit, making the system sustainable. The fertilizer potential of pig slurry is often attributed to its different concentrations and amounts of nutrients, especially nitrogen (Ceretta, 2003; Giacomini and Aita, 2008; Giacomini et al., 2009) . This makes it a promising fertilization alternative for crops, such as maize, that demand large amounts of nitrogen. However, it should be used with caution, as factors related to the imbalance between soil nutrient availability and plant demand can cause some ionselective accumulation in the soil (Ceretta, 2003) . The rate of slurry to be applied to the field depends on the pig slurry's fertilizer value, on the soil characteristics and chemical tests, and on crop nutrient requirements. However, when there has been no previous chemical analysis of the manure, Konsen (2003) recommends using 40 to 90 m 3 ha -1 for conventionally managed maize, and 50 to 100 m 3 ha -1 for the no-tillage maize grown in Cerrado soils. In Brazil, information about soil organic matter content and previous crop biomass have been used as the main indication of nitrogen release from the soil during the crop cycle, assuming that the N present in soil organic matter and in the previous crop biomass will be mineralized in time to be absorbed by the current crop (Amado et al., 2002) .
Nitrate ) leaching is considered the main loss of N in cultivated soils, and it is directly influenced by the factors that determine the soil water flow and the NO 3 -concentration in the soil solution (White, 1987) . The greater the soil-water storage capacity, the lower the water's deep percolation and, therefore, the lower the NO 3 -leaching (Bortolini et al., 2000) .
Another important factor in the dynamics of nutrients is related to the soil's physicochemical properties, which affect the balance of charges and the specific surface of clay particles in the subsurface soil layers. The adsorption of N-NO 3 -in variable-charged soils tends to increase with depth. This phenomenon is associated with the increased number of positive electrical charges in this direction (Dynia et al., 2006) , a typical characteristic of the highly weathered Oxisols that dominate the Brazilian Cerrado region. Oliveira et al. (2000) observed that the adsorption of N species increased with soil profile depth and was higher in soils under native Cerrado vegetation as compared to cultivated soils.
Some studies were conducted to try to predict nitrogen supplement requirements for some crops, taking into consideration the nitrate and mineral nitrogen contents in the soil SILVA, D. F; ANDRADE, C. L.T.; RESENDE, A. V.; HICKMANN, C.; AMARAL, T. A.; ALVES, M. E. B. Nitrogen dynamics in soils cultivated with maize and fertilized with pig slurry. Ambi-Agua, Taubaté, v. 7, n. 1, p. 9-23, 2012 . (http://dx.doi.org/10.4136/ambi-agua.782) 11 before and during the crop cycle. Some soil tests have been developed to guide the nitrogen recommendations for maize. These tests, discussed in detail by Rambo et al. (2004) , are divided into a pre-sowing test (TPS), a pre-application of nitrogen test (TPNC), and a postharvest test (TPC). The critical N-NO 3 -levels in soil, above which it is considered that there is excess N, are between 15 to 30 mgkg -1 (Rambo et al., 2007) . In this sense, the objective of this paper was to evaluate soil mineral nitrogen dynamics in an Oxisol, and its absorption by a maize crop managed with pig slurry associated with conventional mineral fertilization.
MATERIALS AND METHODS
The study was conducted at a farm located in the region of Sete Lagoas, MG, Brazil (19° 23' 19" South, 44° 32' 33" West, elevation 686 m) . The local climate is classified by Köppen as Aw, tropical savanna, with dry winters and an average temperature in the coldest month greater than 18°C. The average annual temperature and precipitation in the last 60 years were, respectively, 22.1°C and 1300 mm, with a well-defined rainy season. A maximum rainfall average of 290 mm is observed in December, and a minimum average of 8 mm in August. The soil of the study area is classified as a typical Oxisol, whose major attributes are shown in Table 1 . 1 Methods of soil analysis described in Embrapa (1997) .
The study area has been cultivated for more than 20 years. In the first 10 years, soil management was based on conventional tillage; later the no-till system was adopted. In the last seven years, due to the occurrence of frequent dry spells, a center pivot irrigation system has been used to irrigate an area of 90 ha. Pig slurry, in combination with mineral fertilizer, has been used in the last seven years as a source of nutrients for maize.
In this study, a 0.5 ha area was randomly selected inside the 90 ha center pivot area. This area was divided into four plots, each plot being considered a replication. Each plot consisted of eight maize rows 10 m long and 0.68 m apart. The six central rows were tagged for the final evaluation.
The farmer has adopted an intensive no-till management system, with successive maize sowings, with no crop rotation. In 2008, the single-cross maize hybrid DKB 390YG was sown on October 25 th . Emergence occurred nine days after sowing (DAS), silking at 63 DAS, and physiological maturity at 133 DAS. Harvest was performed at 136 DAS. Fertilization consisted of 70 m 3 ha -1 of pig slurry, biologically stabilized in a bioreactor, applied 17 days before sowing. The pig slurry remained in the bioreactor for 35 days, and was subsequently stored in lagoons until distribution on the plantations. The stable slurry was applied in the SILVA, D. F; ANDRADE, C. L.T.; RESENDE, A. V.; HICKMANN, C.; AMARAL, T. A.; ALVES, M. E. B. Nitrogen dynamics in soils cultivated with maize and fertilized with pig slurry. Ambi-Agua, Taubaté, v. 7, n. 1, p. 9-23, 2012 Table 2 .
Since sowing was done during the rainy season in Brazil, only two irrigations were applied early in the maize crop cycle. Irrigation management was based on the farm manager's previous experience, and there has been no interference in this procedure.
In order to monitor nitrate and ammonium concentrations along the crop cycle, the soil was sampled using a Dutch auger at the 0 to 0.3 m, 0.3 to 0.6 m, and 0.6 to 1.2 m layers. No sampling was performed at the 0.60 to 1.2 m layer on 11, 19, 26 DAS because we did not consider it relevant at this early crop stage. The soil was also sampled once, at the same depths, inside the adjacent reserve of Cerrado. This way, we had a baseline to compare with the cultivated area. 1 Methods of analysis described in Embrapa (1997) .
The samples were collected in between the crop rows, in three randomly dug holes inside the plot. In the native Cerrado the soil samples were collected at three representative points of the area. The three samples were mixed together to produce one composed representative sample. The composed sample was divided into two portions: one was processed for N-NO 3 -and N-NH 4 + determinations, and the other for soil fertility analysis. All methods of analysis are described in EMBRAPA (1997).
The Kjeldahl distillation method was used for soil N-NH 4 + and N-NO 3 -determinations. Nitrogen extraction was performed with a KCl 2 molL -1 solution. A 10 mL extract sample was used in the distillation process. In the first distillation for N-NH 4 + determination, MgO was added and, in the second distillation of the same sample, the Devarda alloy was added for NO 3 -determination, with subsequent quantification by titration with H 2 SO 4 (Nogueira and Souza, 2005) . The mineral-N content was calculated as the sum of the N-NO 3 -and N-NH 4 + content.
The mineral nitrogen dynamics in the 0 to 0.60 m soil layer was evaluated along the crop cycle. As input to the system, we considered the sum of the mineral nitrogen present in pig slurry, the mineral fertilizer applied at sowing, side-dressings performed, the nitrogen present in the existing soil surface mulching before planting, and the existing soil mineral nitrogen SILVA, D. F; ANDRADE, C. L.T.; RESENDE, A. V.; HICKMANN, C.; AMARAL, T. A.; ALVES, M. E. B. Nitrogen dynamics in soils cultivated with maize and fertilized with pig slurry. Ambi-Agua, Taubaté, v. 7, n. 1, p. 9-23, 2012 . (http://dx.doi.org/10.4136/ambi-agua.782)
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(nitrate plus ammonium) prior to the pig manure application. As output, we considered the nitrogen accumulated in the crop aboveground biomass, the mineral nitrogen presented in the 0 to 0.60 m soil layer at the end of the crop cycle, and the nitrogen leached below the rooting system, which was regarded as the mineral nitrogen presented in the 0.60 to 1.20 m soil layer. The amount of N presented in the roots was neglected.
Maize crop aboveground biomass was sampled at different crop stages and processed separately as leaves, stem + tassel, husks, cobs, and grains. Samples were then taken to an oven, at 65°C, for dry mass determination. Later on, the maize plant components were milled and stored for subsequent nutrient analysis. Plant tissue nitrogen concentration was determined by the Dumas method, as described by Ribeiro (2010) . With dry mass and nutrient concentration data, maize crop element absorption at different stages was estimated. At the end of the crop cycle, grain yield and yield components were evaluated.
Maize crop rooting system distribution was also evaluated. Undisturbed soil samples with 0.0013 m 3 thickness were collected at the same soil profile layers used for soil characterization. Samples were washed inside a small mesh sieve to separate roots from soil material. Clean roots were stored in flasks containing a 70% ethanol solution in order to prevent tissue dehydration. Root length, volume, and diameter were estimated by using the WinRhizo, which consists of a professional scanner model Epson 10000 XL, equipped with an additional light unit (TPU). The procedures for determining the volume of roots per volume of soil are described in Costa et al. (2002) .
The data on N-NH 4 + , N-NO 3 -and on N-mineral were submitted to analysis of variance using the SISVAR (Ferreira, 2000) program. The effect of time (days after sowing, DAS) on soil ammonium and nitrate content was evaluated using the F test. When significant effects were found, linear equations were fit to soil nitrate and ammonium content as a function of DAS. Regression models were adjusted using the t test with up to 10% probability. We were not interested in fitting a model that perfectly described the nitrate and ammonium dynamics, but in checking the trend in these ions' behavior, over time, for different soil profile layers, in order to assess their mobility. The soil nitrate and ammonium content data under the Cerrado vegetation were compared with those observed along the crop cycle of the cultivated area.
Soil-water content at different soil profile layers was monitored along the crop cycle. Soil-water storage was calculated to a depth of 0.60 m. Soil material was submitted to laboratory analysis to determine the upper and lower limits of available water so that total soil-water availability to plants could be calculated. The rainfall data were monitored using an automatic weather station installed at the site.
Charts were plotted to facilitate interpretation of data on plant nitrogen absorption and on the dynamics of water, nitrate, and ammonium in the soil. Rooting system distribution was evaluated and inferences were made regarding nitrogen leaching.
RESULTS AND DISCUSSION
It was observed that the maize rooting system had grown up to 1.20 m deep (Figure 1) . However, the largest concentration of roots per unit of soil volume was observed in the 0 to 0.6 m layer, which is consistent with observations made by Ivo and Mielniczuk (1999) . Based on these findings, observed soil-water storage and lab-determined soil-water retention limits were calculated for that layer and plotted versus time. Moreover, the nitrogen amounts presented in the 0.6 to 1.20 m layer were considered prone to leaching.
We observed that, due to rain and irrigation, soil-water storage in the 0 to 0.60 m layer remained consistently above 50% of soil available (Figure 2) water and, therefore, the crop did not suffer severe water stress. SILVA, D. F; ANDRADE, C. L.T.; RESENDE, A. V.; HICKMANN, C.; AMARAL, T. A.; ALVES, M. E. B. Nitrogen dynamics in soils cultivated with maize and fertilized with pig slurry. Ambi-Agua, Taubaté, v. 7, n. 1, p. 9-23, 2012 . (http://dx.doi.org/10.4136/ambi-agua.782) 
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Nutrient absorption efficiency has a direct relation with the morphological attributes of the crops rooting system (Horn et al., 2006 ). An increase in the root volume, when nutrient concentration is the same in the vicinity of the root surface, may lead to greater efficiency in nutrient absorption (Costa et al., 2002) . Considering the entire crop cycle, out of the 359.0 kgha -1 of mineral nitrogen that entered the soil-plant system, the maize plant recovered 221.6 kgha -1 (62%), 33.5 kgha -1 (9%) was leached, 51.1 kgha -1 (14%) was retained in the 0 to 0.60 m soil layer, and 52.7 kgha -1 (15%) was not recovered, meaning it was either volatilized or immobilized by the soil. The system outputs accounted for 306.3 kgha -1 of mineral N. Similar results were obtained by Coelho et al. (1991) , while Gava et al. (2006) , studying soil-plant system nitrogen balance in a no-till maize field, observed that 44.5 kgha -1 (45%) of N-fertilizer was recovered by the plant, 34 kgha -1 (35%) was retained in the soil, and 20 kgha -1 (20%) was not recovered. Duete et al. (2008) , working with various sources of nitrogen fertilizer applied to a maize crop grown in an Oxisol, observed that, regardless of the source, the plants extracted an average of 130 kgha -1 . According Peoples et al. (2004) , on average, 19% to 38% of the fertilizer applied to a conventional tillage maize cropping system remained in the soil after harvest, and 25% of the nitrogen was not recovered. The discrepancy between mineral N values observed in the studies is justified by differences in the ability of the soil to supply mineral N, the amount of nitrogen added to the system, and the crop biomass production and N uptake capacity of the maize genotypes employed.
As might be expected in a production system that makes continued use of considerable doses of pig slurry as a supplementary source of fertilizer, the concentrations of nitrate, ammonium, and mineral nitrogen (nitrate + ammonium) observed in the soil profile were high early in the crop cycle (Figures 3, 4 e 5), decreasing with time. High initial mineral nitrogen content, between 55 and 92 kgha -1 was observed in the 0 to 0.30 m layer, due to the slurry application on the soil surface and shallow mineral fertilizer incorporation at sowing. The highest rates of decrease in the mineral N over time were observed in the 0 to 0.30 m layer, where most of the maize rooting system is located (Figure 1 Nitrogen dynamics in soils cultivated with maize and fertilized with pig slurry. Ambi-Agua, Taubaté, v. 7, n. 1, p. 9-23, 2012 Rambo et al. (2007) .
As a result of maize growth and development, the nitrate content in the 0 to 0.30 m layer decreased rapidly over time, reaching 12.16 kgha -1 at 116 DAS. In turn, the reduction in nitrate content over time in the 0.60 to 1.20 m layer was slower. The amount of this element in that layer stabilized at 11.86 kgha -1 at 102 DAS (Figure 3 ). Nitrate content in the layers 0 to 0.30 and 0.60 to 1.20 m at the end of the crop cycle was below 52.65 kgha -1 , the critical level reported by Rambo et al. (2007) .
The greatest reductions in nitrate, ammonium, and N-mineral contents in the 0 to 0.30 and 0.30 to 0.60 m layers, where the largest roots volumes were concentrated (Figure 1) , occurred between 0 to 102 DAS. This phase coincides with the period of the greatest nitrogen demand by a maize crop. França et al. (1994) showed that maize N uptake is most intense between 40 and 60 DAS.
Analyzing the nitrate content data of the 0.6 to 1.2 m soil layer (Figure 3 ), we observed a decreasing trend until 137 DAS, as expressed by the curve fitted to the values (Table 3) . Certainly, the reduction in nitrate levels in this layer until 137 DAS was due to leaching, fostered by the intense rainfall regime that occurred in that period (Figure 2) . A cumulative depth of 1163 mm of rain was recorded between 0 and 137 DAS, which corresponded to an average of 8.49 mmday -1 . The nitrate accumulation in the 0.6 to 1.2 m layer, relative to other layers, was high at 102 to 137 DAS period, since the crop was at its final grain-filling phase and the nitrogen demand drops. In addition, less nitrate leaching occurs as a consequence of no irrigation and less rain received in this stage (Figure 2 ). The mineralization of crop residues and of current crop abscised leaves can also contribute to nitrogen supply to the soil, and when there is no plant uptake, this element tends to leach and accumulate in the deep layers, where its adsorption is greater (Torres et al., 2005) . Nitrogen dynamics in soils cultivated with maize and fertilized with pig slurry. Ambi-Agua, Taubaté, v. 7, n. 1, p. 9-23, 2012 (Figure 4) .
It can be seen in Figure 4 and in the equation in Table 3 that at 11 DAS the highest N-NH 4 + values were observed in the upper layer, while at 110 DAS the highest concentrations were measured at the 0.30 to 0.60 m layer, indicating that this element moved vertically in the soil profile, possibly due to the ammonification of organic N contributing to the increase of N-NH 4 + content in that layer. Gonçalves et al. (2001) and Oliveira et al. (2001) , studying the ammonium behavior in the soil, observed the presence of this element at the subsurface layers, thus demonstrating its movement in tropical soils. Cabezas and Souza (2008) , in an trial to evaluate the combined use of gypsum and urea in a maize crop observed a higher proportion of N-NH 4 + in relation to N-NO 3 -in all deep layers indicating a vertical movement of ammonium favored by the presence of gypsum. According to Scherer et al. (2010) , organic fertilizers have, in general, a greater residual effect on the soil as compared to mineral fertilizers. This pattern is explained by the slow mineralization of organic compounds making the nutrients available in a longer time frame. Thus these nutrients are less subject to chemical reactions in the soil unlike the mineral fertilizers.
The content of mineral N in the cultivated soil decreases with depth and over time as can be seen in Figure 5 , following the same pattern of nitrate and ammonium. Cardoso Neto et al. (2006) , evaluating different nitrogen sources, found that the highest concentrations of mineral N was observed in the topsoil following a decrease in concentrations with depth; the same occurring with ammonium and nitrate. Similar results were also found by Silva et al. (2005) and Ceretta et al. (2002) .
The N-NO 3 -content at layers 0 to 0.3, 0.3 to 0.6 and 0.6 to 1.2 m of the soil profile under the native Cerrado was 31.1, 30.9 and 48.7 kgha -1 , respectively. The N-NH 4 + content were 60.1, 34.5 and 65.8 kgha -1 in the same layers. Both nitrate and ammonium quantities were higher than those observed in the cultivated area (Figures 3 and 4) . This behavior is due to the constant recycling of nutrients observed in the natural environment which is in a dynamic equilibrium.
In the cultivated soil, the process of soil organic matter decomposition becomes faster because of the acidity corrections and constant soil fertilization providing favorable conditions for the development of nitrifying microorganisms. Adding to this, the crop nutrient uptake caused a decrease in soil N content.
It can be seen in Figure 6 that the maximum accumulation of nitrogen was 132 kgha -1 in the grain and 240 kgha -1 in the aboveground maize biomass. The N uptake by a maize crop with a potential to yield 3 to 12 tha -1 is in the range of 84 to 336 kgha -1 (Cantarella, 2007) . We noted that the N accumulation observed in this study is in the range considered normal for the maize crop.
From 21 to 90 DAS, N was absorbed by maize crop at an average rate of approximately 3.28 kgha -1 day -1 . Absorption was more intense from 21 to 40 DAS, when it reached an average rate of 6.0 kgha -1 day -1 (Figure 6 ). Despite the nutritional requirements being lower in the early growth stages, research indicates that high N concentrations in the rooting zone are beneficial in promoting a rapid initial plant growth and in increasing yield (Varvel et al., 1997) . According to Arnon (1975) , nitrogen requirements vary considerably with the different maize crop stages. A minimal amount is required in the early stages, rising with increasing growth rate and reaching a peak from flowering to early grain formation phases. The average crop yield was 10.817kgha -1 of grain with 13% humidity, which is a high yield as compared to the average figure for the Minas Gerais State, which is 5.118 kgha -1 (Agrianual, 2011) . The average yield of the DKB 390YG hybrid varies from 8.414 to 8.659 kgha -1 (DEKALB, 2011). Evans et al. (1977) , studying the performance of maize fertilized with pig slurry at a rate of 636 tha -1 (fresh weight) for two successive years and monitored for two more years, observed that the average grain yield was 7.100 kgha -1 , whereas for mineral fertilization treatments this value was 6.880 kgha -1 . In studies reported by Konzen and Alvarenga (2002) , the yield of a trial in which maize was fertilized with pig slurry was between 5.200 and 7.600 kgha -1 .
CONCLUSIONS
The crop was able to recover 62% of the mineral nitrogen that entered the soil-plant system, and we estimated that 9% leached as nitrate and, to a lesser amount, as ammonium.
The maximum average content of nitrate and ammonium in the 0 to 0.3 m layer was 92 kgha -1 and 43 kgha -1 , respectively, in the early crop stage, and a minimum of 5.8 kgha -1 of nitrate and 9.0 kgha -1 of ammonium, at the end of the crop cycle. The nitrate content at the 0.60 to 1.20 m soil layer at the end of the crop cycle remains below the values observed in the native Cerrado, indicating that the current agricultural use of the land poses no additional risk of nitrate accumulation and leaching.
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